Introduction
============

In recent years, the scientific community has become increasingly interested in detonation nanodiamonds (NDs) because of their unique structural, chemical, optical, and biological characteristics.[@b1-ijn-7-3851] NDs were first produced in Russia in the 1960s through the incomplete combustion of carbon-containing explosives.[@b2-ijn-7-3851] While these diamond nanoparticles initially attracted the attention of the industrial world and have been utilized to improve the physical properties of polymers, the shelf life of mechanical tools, and in the electrochemical coating of metals,[@b3-ijn-7-3851] investigations into their nanoscale properties have recently placed significance on their biological applications.[@b4-ijn-7-3851]--[@b6-ijn-7-3851]

The most attractive feature of NDs is their uniform nanoscale size distribution. The primary particle size of a ND ranges from 4 to 5 nm,[@b1-ijn-7-3851],[@b7-ijn-7-3851],[@b8-ijn-7-3851] with a chemically inert diamond core and a shell comprising sp^2^-hydridized carbon structures.[@b9-ijn-7-3851] Various oxygen-containing functional groups are found on the surface of NDs,[@b8-ijn-7-3851],[@b10-ijn-7-3851],[@b11-ijn-7-3851] opening the potential for their conjugation with biochemical moieties. Surface modifications of NDs can be achieved through either a physical or a covalent (amide or ester bonding) interaction. Physical adsorption of NDs has been widely accomplished using toxins,[@b12-ijn-7-3851] proteins,[@b13-ijn-7-3851],[@b14-ijn-7-3851] chemotherapeutic drugs,[@b5-ijn-7-3851],[@b6-ijn-7-3851],[@b15-ijn-7-3851] and nucleic acids.[@b16-ijn-7-3851],[@b17-ijn-7-3851] Carboxylic[@b18-ijn-7-3851],[@b19-ijn-7-3851] and nitrogen-containing[@b20-ijn-7-3851] functional groups have been successfully grafted onto NDs using a radical generation mechanism, while alkyl-, amino-, and amino acid-functionalized diamonds have been created through the chemical modification of fluorinated NDs with alkyl lithium, ethylenediamine, or glycine ethyl ester hydrochloride, respectively.[@b21-ijn-7-3851] Moreover, NDs have also been functionalized with amino acids[@b22-ijn-7-3851] and alkyl chains[@b23-ijn-7-3851] via covalent bonding.

NDs have been found to be biocompatible with various cell lines,[@b15-ijn-7-3851],[@b24-ijn-7-3851],[@b25-ijn-7-3851] and they exhibit lower cytotoxicity than other carbon-based nanomaterials such as single- and multiwalled carbon nanotubes and carbon black.[@b24-ijn-7-3851],[@b25-ijn-7-3851] As such, they have been assessed for their ability to act as vectors for the intra-cellular delivery of drugs and biochemical molecules. It has been shown that the hydrophilic nature of NDs is responsible for improving the aqueous solubility of chemotherapeutic and anti-inflammatory drugs that have initially showed poor solubility in water.[@b26-ijn-7-3851] Indeed, chemotherapeutic drugs such as doxorubicin[@b5-ijn-7-3851] and 10-hydroxycamptothecin[@b6-ijn-7-3851] have been successfully delivered into cancer cells after being bound to NDs. This carbon nanomaterial has also been envisioned as a suitable vector for gene therapy, and polymer-coated NDs have been shown to improve the delivery of plasmid DNA (pDNA)[@b16-ijn-7-3851] and small interfering RNA (siRNA)[@b17-ijn-7-3851] into cellular systems. Contrary to self-assembling nanoparticles, NDs are attractive for use in these applications because of their ability to resist biological environmental changes, which could improve the overall delivery of the attached biomolecules.

Despite the promise NDs show as vectors for delivering small chemical drugs and large biotechnology products, it remains a challenge to obtain nanosized ND particles in laboratory and industrial settings owing to their strong tendency to assemble into micron-sized aggregates when dispersed in a polar liquid medium. As these aggregates have the potential to block capillaries, which could lead to toxic effects in the body,[@b27-ijn-7-3851] the maintenance of dispersion stability of NDs is a key requirement when developing drug delivery formulations. One way in which dispersion stability can be improved is through the use of chemical modifications such as fluorination[@b21-ijn-7-3851] and biotinylation.[@b28-ijn-7-3851] These methods have been shown to reduce the size of ND aggregates from micrometer sizes to 160[@b21-ijn-7-3851] and 170 nm,[@b28-ijn-7-3851] respectively. While a variety of mechanical disaggregation approaches have also been explored, stirred media milling and bead-assisted probe sonication were the most successful in achieving high dispersion stability and producing single-digit nanometer particle sizes.[@b29-ijn-7-3851] However, while primary-sized NDs may be attained by high-energy bead-assisted probe sonication, the potential for the contamination of samples with sonotrode material when using this technique[@b29-ijn-7-3851] is unacceptable in life science applications. To the authors' knowledge, no previous studies have examined the disaggregation of NDs to particles less than 50 nm in size using a simple mechanochemical technique that can be applied at a laboratory level. Therefore, the purpose of this study was to generate nanosized, amino acid--functionalized particles through the covalent modification of NDs with lysine using conventional bath sonication. These functionalized NDs were found to have the ability to bind nucleic acids through electrostatic interactions and the potential to act as vectors for carrying genetic materials into cellular systems, using aqueous medium.

Material and methods
====================

Chemicals
---------

Pharmaceutical-grade (ND98) carboxylic acid--functionalized NDs with an average particle size of 5 nm were purchased from Dynalene Inc (Whitehall, PA). Tosoh Corporation (Grove City, OH) graciously provided YTZ^®^ grinding media (0.05 mm). Dry dimethylformamide (DMF), 4M hydrochloric acid (HCl) (in dioxane) and ethidium bromide solution (∼1% in water) were obtained from Sigma-Aldrich (Oakville, ON, Canada). Boc-lysine(Boc)-OH, Fmoc-NH(CH~2~)~3~NH~2~ ·HCl, diisopropylethylamine (DIPEA), piperidine, and HATU \[N,N,N′,N′-tetramethyl-O-(7-azabenzotriazol-1-yl)uronium hexafluorophosphate\] were obtained from Chem-Impex International, Inc (Wood Dale, IL). Dichloromethane (DCM) (high-performance liquid chromatography grade) was purchased from Thermo Fisher Scientific (Waltham, MA) and was dried using a solvent purification system (MBraun Incorporated, Stratham, NH). Thionyl chloride was acquired from Alfa Aesar (Ward Hill, MA). The pGTCMV.IFN-GFP plasmid (encoding for interferon gamma and green fluorescent protein genes)[@b30-ijn-7-3851] was used as a model plasmid for examining the binding properties of NDs. Anti-GFP siRNA was purchased from Ambion^®^ (Life Technologies Inc, Burlington, ON, Canada). Gibco^®^ UltraPure DNase/RNase-free water was obtained from Invitrogen (Life Technologies Inc, Burlington, ON, Canada). All chemicals were at ≥99% purity.

Preparation and functionalization of NDs with lysine
----------------------------------------------------

Unless otherwise stated, all reactions ([Figure 1](#f1-ijn-7-3851){ref-type="fig"}) were carried out under a nitrogen atmosphere using standard Schlenk techniques. Ultrasonication was performed using a bath sonicator in some steps of the reaction scheme in order to improve the accessibility of chemical reagents to the surfaces of the nanosized particles.

### Step A: synthesis of N′-(N^α^,N^ε^-bis-Boc-lysyl),N″-(Fmoc)-diaminopropane

In a dry Schlenk flask, Boc-lysine(Boc)-OH (8.661 mmol) was dissolved in dry DMF (15 mL), followed by the addition of HATU (10.82 mmol) and DIPEA (17.97 mmol). The reaction mixture was then stirred for 15 minutes before the addition of a 10 mL solution of Fmoc-NH(CH~2~)~3~NH~2~ ·HCl (9.925 mmol) and DIPEA (10.92 mmol) in DMF. After 18 hours, DMF was removed from the reaction mixture under high vacuum, and the sample was dissolved in DCM (100 mL) and extracted with a saturated aqueous solution of sodium bicarbonate (4 × 100 mL). The organic phase was dried with sodium sulfate before removing the DCM under vacuum. Upon further purification by column chromatography (Silica Gel 60, EMD Inc, Mississauga, ON, Canada) using a methanol-chloroform (1:9, v/v) solvent system, a pale yellow solid compound, N′-(N^α^,N^ε^-bis-Boc-lysyl),N″-(Fmoc)-diaminopropane (hereafter called compound 1), was obtained with a yield of 79%.

### Step B: Fmoc deprotection of compound 1

The removal of Fmoc from compound 1 was carried out using 300 mg of the compound and 10 mL of a 50% (v/v) piperidine-DMF mixture. The recovered compound (hereafter called compound 2) was used in step D without further purification.

### Step C: reoxidation of NDs and preparation of acid chloride--functionalized NDs

In order to optimize the surface functionalization of the pristine carboxylated NDs (pNDs), they were reoxidized in a mixture of concentrated nitric and sulfuric acids (1:3, v/v) with overnight ultrasonication.[@b31-ijn-7-3851]--[@b33-ijn-7-3851] The reoxidized NDs (rNDs) were subsequently dialyzed with water using a cellulose membrane with an average pore radius of 2.4 nm until neutral pH was achieved, and then they were freeze-dried. To promote amide bond formation between the NDs and compound 2, the surface carboxylic acid groups of the rNDs were converted into more reactive acyl chloride functional groups using an excess of thionyl chloride[@b34-ijn-7-3851]--[@b36-ijn-7-3851] in the presence of YTZ grinding media. This mixture was ultrasonicated at a frequency of 25 kHz in a bath sonicator (Transsonic TI-H-5 Ultrasonicator; Elma Hans Schmidbauer GmbH and Co KG, Singen, Germany) for 22 hours, refluxed for 5 hours at 70°C, and ultrasonicated for 48 hours. Finally, the sample was dried overnight under high vacuum.

### Steps D and E: preparation of lysine-functionalized NDs

Compound 2 was dissolved in 10 mL of DMF and added to the acid chloride--functionalized NDs (100 mg) suspended in 5 mL of DMF. The heterogeneous mixture was refluxed for 45 minutes at 75°C, ultrasonicated for 72 hours, and lyophilized. Boc removal (step E, [Figure 1](#f1-ijn-7-3851){ref-type="fig"}) was achieved by suspending the Boc-protected lysine-functionalized NDs (fNDs) in 10 mL of DCM and 10 equivalents of HCl (4 M in dioxane)[@b37-ijn-7-3851] for 90 minutes. This produced positively charged fNDs capable of electrostatic interactions with the negatively charged phosphate groups of DNA. The fNDs were dialyzed with ethanol followed by water, using a cellulose membrane with an average pore radius of 2.4 nm, before being freeze-dried.

Nuclear magnetic resonance and mass spectroscopic characterization of compound 1
--------------------------------------------------------------------------------

Proton nuclear magnetic resonance (^1^H NMR) spectra were recorded on a Bruker 500 MHz Avance spectrometer (Bruker BioSpin, Milton, ON, Canada). Chemical shifts for ^1^H NMR are reported in ppm in reference to the residual ^1^H resonances of deuterated chloroform at δ 7.26. Mass spectrum was obtained using the QSTAR^®^ XL MS/MS System (ESI-Q-TOF) (Applied Biosystems, Toronto, ON, Canada).

ND dispersions
--------------

NDs (2 mg/mL) in reverse osmosis-purified water (Millipore, Milford, MA) were ultrasonicated at a frequency of 25 kHz for 4 hours and centrifuged at 5200 g for 6 minutes. The resulting dispersions were used for Raman spectroscopy, atomic force microscopy (AFM), gel electrophoresis, and zeta potential and size distribution measurements. For the dispersion stability experiment, the ND samples were sonicated for 20 minutes and allowed to settle for 3 days at room temperature without centrifugation.

Raman spectroscopic measurements
--------------------------------

Raman spectroscopic measurements were carried out using a Renishaw Invia Reflex microscope (Renishaw Inc, Chicago, IL) fitted with a 514.5 nm argon ion laser (Spectra-Physics^®^ 163-M42-010 Spectra Physics^®^, Santa Clara, CA) and 1800 line/mm grating. Aqueous dispersions of NDs were dropped onto a gold-coated silicon wafer (Platypus Technologies, Madison, WI) and allowed to dry. A Leica N PLAN Objective (Leica Microsystems, Buffalo Grove, IL) 50× with a numerical aperture of 0.75 was used to focus the sample, and backscattered Raman signals were detected using a Peltier-cooled charge-coupled device. Instrument calibration was verified using an internal silicon wafer, measured at 520 cm^−1^. The Raman spectra of NDs and compound 1 were acquired in the static scanning mode. Baseline correction was performed using Renishaw WiRE software (v3.2; Renishaw Inc).

Infrared spectroscopy
---------------------

Infrared (IR) spectra of all materials were recorded on a Bruker IFS 66v/S Fourier transform spectrometer (Bruker Optics, Billerica, MA) in the mid-IR range using a liquid nitrogen--cooled mercury cadmium telluride detector at the Canadian Light Source, University of Saskatchewan, Saskatoon, SK, Canada. All sample measurements were carried out in the solid state using pelletized, homogeneous powder dispersions of the materials in a potassium bromide matrix. For compound 1, a PIKE MIRacle™ Single Reflection ATR (PIKE Technologies, Madison, WI) accessory was used in order to avoid potential pressure-induced changes. In all cases, 512 individual interferograms were averaged for both the background and the sample measurements from which the absorbance spectra were calculated.

Data analysis was performed with the Bruker OPUS software package (v6.5; Bruker Optics). Baseline correction was performed on all raw absorbance spectra using the built-in concave rubber band correction routine (number of baseline points: 32; number of iterations: 2) to strictly avoid the introduction of any artificial features into the spectra.

Size and zeta potential measurements
------------------------------------

Particle size and zeta potential measurements were obtained using a Malvern Zetasizer Nano ZS instrument (Malvern Instruments Ltd, Malvern, Worcestershire, UK). The size distribution of NDs in water was obtained by measuring the light scattered (θ = 173°) by particles (dynamic light scattering, DLS) illuminated with a laser beam, using the CONTIN algorithm to analyze the decay rates that are a function of the translational diffusion coefficients of the particles, D. The measured data are reported in volume distribution. The hydrodynamic radius, R~H~, of the particles was estimated using the Stokes-Einstein equation (R~H~ = kT/6πηD), where k is the Boltzmann constant, T is the temperature, and η is the viscosity of the solution. This analysis gives an estimate of size based upon the hydrodynamic radius of spherical particles having a translational diffusion coefficient equivalent to the actual particles. Size distribution values were derived from three measurements, each consisting of a minimum of ten individual runs.

Zeta potential measurements were based upon laser Doppler electrophoresis and phase analysis light scattering analysis. The reported zeta potentials are the average of three measurements, each derived from a minimum of ten individual runs.

AFM
---

AFM images were obtained in intermittent contact mode using an atomic force microscope (Agilent 4500; Agilent Technologies, Inc, Chandler, AZ) equipped with a silicon cantilever (T190R; Nanoscience Instruments, Inc, Phoenix, AZ). The specifications of the silicon cantilever include a force constant of approximately 45 N/m and a resonant frequency of approximately 190 kHz. A small volume (25 μL) of ND dispersion samples was dropped onto a freshly prepared poly-L-lysine-coated mica substrate and allowed to incubate for 1 minute. The substrate was then rinsed with purified water and dried gently using a stream of nitrogen gas. The amplitude range was between 1 and 1.5 V for all measurements, while the amplitude ratio for set point to free air oscillation was 0.80. Ambient conditions were maintained throughout the experimental procedure, and the scan rate used for image acquisition ranged from 0.5 to 1 lines per second (512 pixels per line). Line scan profiles were obtained for three particles from each sample, and the reported particle sizes were determined from the particle height (SPIP, v5.1.6; Image Metrology A/S, Lyngby, Denmark).

Thermogravimetric analysis
--------------------------

Thermogravimetric analysis was carried out using a TGA Q50 (TA Instruments-Waters LLC, New Castle, DE). The furnace tube carrying the sample was heated to 450°C, and the percentage weight loss was obtained as a function of the temperature. The surfaces of the pNDs and rNDs were considered dominated by carboxylic acid functional groups, and surface loading was calculated using the following equation: $$\mathit{Surface}\,\mathit{loading} = \frac{{\mathit{Number}\,\mathit{of}\,\mathit{moles}}_{\mathit{lost}\,\mathit{functional}\,\mathit{group}}}{\mathit{Weight}_{\mathit{total}\,\mathit{sample}} - \mathit{Weight}_{\mathit{lost}\,\mathit{sample}}}$$

Any loss in weight that occurred below 115°C was attributed to water and was excluded from estimates of surface loading.

Agarose gel electrophoresis
---------------------------

Electrophoresis was performed in 1% (for pDNA) or 2% (for siRNA) agarose gels prepared with tris-acetate ethylenediaminetetraacetic acid buffer and ethidium bromide at a final concentration of 1 μg/mL. The amounts of pDNA and siRNA in each sample were 500 and 400 ng, respectively. Complexes of fNDs-pDNA and fNDs-siRNA with different weight ratios (fNDs:nucleic acid component ranging from 1:1 to 50:1) were prepared in ultrapure water and incubated for 30 minutes at room temperature. Uncomplexed pDNA and siRNA were used as standards. All samples were loaded into the gel using 30% glycerol and were subjected to electrophoresis at 100 V using a Bio-Rad PowerPac HC electrophoresis apparatus (Bio-Rad Laboratories, Inc, Mississauga, ON, Canada) for 1 hour for pDNA or 45 minutes for siRNA. The gels were then imaged using an AlphaImager^®^ imaging system (Alpha Innotech Corporation, San Leandro, CA) to detect ultraviolet fluorescence.

Size and zeta potential measurements of fND-pDNA and fND-siRNA complexes
------------------------------------------------------------------------

Size and zeta potential measurements of fND-genetic material complexes formed at weight ratios in the range between 1:1 and 50:1 were performed using the Zetasizer Nano ZS (Malvern Instruments Ltd). Different sets of samples were prepared for analysis of size and zeta potential using the same sample preparation technique as described for agarose gel electrophoresis assay. Each reported value was obtained from the Z-average size, and each value is the average of four measurements, each consisting of a minimum of ten individual runs.

Results and discussion
======================

Synthesis of fNDs
-----------------

The synthesis of the lysine linker intermediate (compound 1) and its subsequent covalent functionalization with NDs was performed ([Figure 1](#f1-ijn-7-3851){ref-type="fig"}). The ^1^H NMR spectrum of compound 1 was used to established its structure: ^1^H NMR (500 MHz, deuterated chloroform) δ7.76(d, J = 7.5, 2H, fluorenyl), 7.61 (d, J = 7.4, 2H, fluorenyl), 7.39 (t, J = 7.5, 2H, fluorenyl), 7.31 (t, J = 7.4, 2H, fluorenyl), 6.67(s, 1H, NH), 5.48(s, 1H, NH), 5.23(s, 1H, NH), 4.67(s, 1H, NH), 4.38(d, J = 7.0, 2H, fluorenyl-CH~2~), 4.21(t, J = 7.0, 1H, fluorenyl-CH), 4.04(s, 1H), 3.28 (m, 2H), 3.20(m, 2H), 3.10(m, 2H), 1.63--1.82(m, 4H), 1.48 (m, 2H), 1.43(s, 18H, Boc-(CH~3~)~6~), 1.37(m, 2H) ([Figure S1](#SD1){ref-type="supplementary-material"}). The successful synthesis of compound 1 was also confirmed by mass spectroscopic measurements: electrospray ionization mass spectrometry mass-to-charge ratio calculated for C~34~H~48~ N~4~O~7~: 624.3523 \[M\], found 625.3603 \[M+1\]^+^ ([Figure S2](#SD2){ref-type="supplementary-material"}).

Surface functionalization assessed by Raman spectroscopy, IR spectroscopy, zeta potential, and thermogravimetric measurements
-----------------------------------------------------------------------------------------------------------------------------

To provide evidence of functionalization of NDs with the lysine linker, Raman spectroscopy of pNDs, rNDs, fNDs, and compound 1 was performed ([Figure 2](#f2-ijn-7-3851){ref-type="fig"}). The pNDs showed the signature peak of diamond at 1326 cm^−1^, which is downshifted in frequency compared with the 1332 cm^−1^ Raman peak assigned to bulk diamond.[@b38-ijn-7-3851] This frequency shift could be attributed to the smaller size of NDs, as explained by the phonon confinement model.[@b39-ijn-7-3851],[@b40-ijn-7-3851] Furthermore, the existence of the diamond peak at ∼1326 cm^−1^ after the reoxidation process suggests that the intrinsic diamond structure was unaltered by the harsh acidic oxidation conditions. A broad peak was also observed at 1617 cm^−1^ on the pND spectra, which could have arisen because of overlapping signals from the in-plane stretching of the sp^2^ carbon (G-mode) at ∼1590 cm^−1^, oxygen-hydrogen (O-H) bending at ∼1635 cm^−1^, and carbon-oxygen double bond stretching of the carboxylic acid group at ∼1740 cm^−1^.[@b41-ijn-7-3851] The suppression of the D-band of graphitic carbon (∼1410 cm^−1^) in the Raman spectra of pristine and reoxidized NDs supports the existence of high ratios of sp^3^/sp^2^ carbon in NDs.[@b42-ijn-7-3851] After reoxidation, the emergence of a prominent band at ∼1630 cm^−1^ was accompanied by a decrease in the 1590 cm^−1^ band of graphitic carbon, supporting the use of mineral acids in the oxidation of graphitic carbon. Raman spectroscopy was not used to monitor carboxylic acid vibrations in any of the samples.

The Raman spectrum of compound 1 revealed noticeable peaks of carbon-hydrogen (C-H) deformation at ∼1481 cm^−1^, amide III at ∼1295 cm^−1^, and amide I at ∼1611 cm^−1^, with a weak shoulder representing amide II observed at ∼1580 cm^−1^. It is important to note that the fND spectrum was acquired by a single scan, as additional laser scanning resulted in burning of the fNDs. In comparison with the Raman spectrum of compound 1, the Raman spectrum of the fNDs exhibited amide I (∼1612 cm^−1^), amide II (∼1582 cm^−1^), amide III (∼1299 cm^−1^), and C-H deformation (∼1482 cm^−1^) peaks, indicating that the functionalization had been successful. The Raman peak of fNDs at 1299 cm^−1^ is very broad in comparison with the corresponding peak of compound 1 because of interference from the diamond signal. Furthermore, the covalent modification of the NDs with the lysine linker, which has a much higher mass than carbon, caused a further downshift in the frequency of the diamond signal in fNDs.

Overall, the Raman spectra obtained in this study support the successful formation of fNDs; however, as the Raman cross section is smaller than the fluorescence cross section, it is likely that fluorescence swamps the Raman signals. Hence, to strengthen the evidence of successful functionalization, IR spectroscopy, a complementary technique to Raman spectroscopy, was performed at various stages of functionalization, including on compound 1 ([Figure 3A](#f3-ijn-7-3851){ref-type="fig"}). Band positions are indicated by the second derivative curves ([Figure 3B](#f3-ijn-7-3851){ref-type="fig"}). The ND spectra showed that characteristic bands at ∼1045 cm^−1^ and ∼1262 cm^−1^ due to vibrations of ether-like groups[@b43-ijn-7-3851] might arise from the covalent bonding of inter-particular carboxylic and/or hydroxyl groups, as well as bands in the C-H stretching region at ∼2900 cm^−1^ due to vibrations arising from the C-H bonds present on the surface of the NDs. In fact, a very broad IR spectrum ranging from 1000 to 1500 cm^−1^ is identified as the "fingerprint region" of NDs in the literature.[@b42-ijn-7-3851] It is important to note that all ND spectra were found to have features in the carbonyl region (∼1760 cm^−1^), suggesting that the raw material was already somewhat oxidized. The peaks at ∼1630 cm^−1^ (O-H bending) and ∼3400 cm^−1^ (O-H stretching) may have originated because of either the water adsorbed onto the NDs/potassium bromide or the presence of covalently bonded hydroxyl functional groups on the surface of the NDs.

Comparing the spectra of fNDs with those of pNDs and rNDs, it is evident from both the peak height and shape of the band located at ∼1630 cm^−1^ that the functionalization reaction was successful. The presence of an amide I band from ∼1640 to 1690 cm^−1^ and an amide II shoulder from ∼1510 to 1580 cm^−1^ in the fND spectrum provide further evidence of functionalization. These bands were also observed in the compound 1 spectrum at a slightly higher frequency. The peak at ∼730 cm^−1^ in the spectra of both fNDs and compound 1 is associated with the rocking mode of hydrocarbons with more than four methylene groups,[@b44-ijn-7-3851] while a methylene deformation band can be observed at ∼1465 cm^−1^. A combination of the spectra of the two starting materials (rNDs and compound 1) was recognizable in the C-H stretching region of the second derivative spectra ([Figure 3B](#f3-ijn-7-3851){ref-type="fig"}, red oval shape), further verifying the lysine functionalization of NDs.

The successful functionalization of NDs with lysine was also confirmed by the zeta potential measurements ([Table 1](#t1-ijn-7-3851){ref-type="table"}). The pNDs showed a negative zeta potential of −21.1 mV, suggesting that negatively charged surface functional groups such as carboxylate were present. After reoxidation, the mean zeta potential shifted to −23.7 mV, indicating a slight increase in the density of negatively charged surface groups. As expected, the lysine-modified NDs showed a positive zeta potential of +48.9 mV, demonstrating the predominance of a large number of positively charged (amine) groups on their surfaces.

Thermogravimetric analyses were performed to provide quantitative estimates of the surface loading of functional groups attached to the NDs. The thermograms of the pNDs and rNDs did not show any considerable weight loss in the temperature range of 30°C--440°C, indicating that NDs are thermally stable in this range ([Figure 4](#f4-ijn-7-3851){ref-type="fig"}). The surface loading of the pNDs, rNDs, and fNDs was calculated ([Table 2](#t2-ijn-7-3851){ref-type="table"}) from their respective thermograms. Providing that the surfaces of pNDs and rNDs are dominated by carboxylate groups, the estimated surface coverage was 0.35 mmol g^−1^ for the pNDs and 1.0 mmol g^−1^ for the rNDs, while the fNDs demonstrated surface loading of 1.7 mmol g^−1^ of ND. This coverage is greater than was found in a previously reported study of the covalent functionalization of long-chain alkyl groups on the surface of NDs (0.3--0.4 mmol g^−1^).[@b23-ijn-7-3851] The high surface functionalization confers high nucleic acid--binding capacity to the nanomaterial.

Dispersion of NDs in aqueous medium and AFM imaging
---------------------------------------------------

For biomedical applications, the stability of the biomaterial in aqueous medium is of paramount importance, as aggregation can lead to toxic effects in biological systems. In this study, the pND, rND, and fND samples were dispersed in water and the stability of the resultant hydrosols was monitored for 3 days. While sedimentation of the pND and rND hydrosols was observed to occur within the first 5 minutes of incubation, fNDs remained stable even after 3 days ([Figure 5](#f5-ijn-7-3851){ref-type="fig"}). This was in agreement with the results of the authors' zeta potential measurements, which also indicated that fNDs have colloidal stability in water. According to the DLVO theory (Derjaguin-Landau-Verwey-Overbeek), repulsive forces dominate among particles in systems with a zeta potential higher than 30 mV (49 mV for the fNDs), which prevents aggregation and flocculation of the colloidal system.[@b45-ijn-7-3851] The high aqueous dispersibility of fNDs may be explained by the greater hydrophilicity of the lysine hydrochloride functional groups found on their surfaces,[@b46-ijn-7-3851] as well as inter-particle repulsion due to the positively charged amine groups of lysine. On the other hand, the sedimentation of pNDs and rNDs is most likely due to van der Waals' forces, dipole-dipole interactions, and/or hydrogen bonding between the surface functional groups. A similar dispersion behavior has been shown to occur with adenosine-functionalized multiwalled carbon nanotubes, which exhibit greater aqueous solubility than pristine, reoxidized forms.[@b32-ijn-7-3851]

Particle size is also considered to be an important parameter in the development of bionanomaterials. Therefore, hydrodynamic particle size measurements were carried out in this study to gain more insight into the suitability of fNDs for use in gene delivery applications ([Figure 6](#f6-ijn-7-3851){ref-type="fig"}). The pNDs were found to have a very wide size distribution (polydispersity index \[PDI\] = 0.56) when dispersed in aqueous medium, with a major fraction of the particles having size distributions centered at 1281 nm. Reoxidation did not improve the particle dispersibility considerably; while a shift towards smaller size with a peak at 531 nm was observed, the broadness in the size distribution was maintained (PDI = 0.59). No NDs smaller than 50 nm in diameter were detected in either pND or rND samples. In addition to the physical inter-particle interactions that cause agglomeration of pristine and reoxidized NDs, the surface carboxylate groups can also result in the formation of tightly bound aggregates via anhydride bond formation.[@b22-ijn-7-3851] In contrast, when the size of the fNDs was examined, the surface functionalization was found to result in a remarkable reduction in aggregate size, with the majority of particles centering at 21 nm. A narrower size distribution (PDI = 0.25) was also observed when compared with the pND and rND particle distributions. The fNDs in this study were also found to have considerably smaller hydrodynamic radii than those obtained in a previous study that functionalized NDs with glycine through a silane linker (peak at \>350 nm).[@b22-ijn-7-3851] The disaggregation of fNDs also contributes to their dispersion stability in aqueous media.

AFM was used to determine the topographic features ([Figure 7A](#f7-ijn-7-3851){ref-type="fig"}) and size ([Figure 7B](#f7-ijn-7-3851){ref-type="fig"}) of pNDs (i), rNDs (ii), and fNDs (iii). Since substrate surface features and drying could cause aggregation of the particles, the height rather than the diameter is reported for particle size. The pNDs formed irregularly shaped aggregates of 40--80 nm, while the rNDs appeared to be round with a comparatively smaller aggregate size of 20--60 nm. In agreement with the DLS measurements, AFM images provided visual evidence for the disaggregation of NDs after their functionalization with the lysine linker ([Figure 7A](#f7-ijn-7-3851){ref-type="fig"}, iii). The particles of fNDs were found to be 3--5 nm in size. Besides aggregation on a solid mica surface, the environment of the sample and the principle of the measurement technique can also influence the size determination of particles, as can be observed in the differences in particle sizes determined by DLS and AFM. DLS measures the average hydrodynamic radius of nanoparticles in liquid medium under the assumption that they are spherical in shape, while AFM measures the height and diameter of individual particles devoid of their native environment. The different principles utilized by these two techniques for size determination have also been considered to be a cause of size variation in an earlier study.[@b47-ijn-7-3851]

Binding of fNDs to nucleic acids
--------------------------------

As the nanosize, positive zeta potential, and hydrophilic properties of fNDs suggest that they may be suitable for use in biomedical applications, the applicability of fNDs as nonviral vectors was evaluated by examining their ability to bind and protect pDNA and siRNA. Weak binding can lead to the disruption of vector--nucleic acid complexes by negatively charged protein molecules, leading to inefficient gene delivery.[@b48-ijn-7-3851] Therefore, the binding stability of complexes is essential for the protection of genetic material against enzymatic degradation and the production of high levels of gene expression in cellular systems.[@b30-ijn-7-3851] In this study, the binding efficacy of the fNDs for genetic material was examined by carrying out gel electrophoresis assays on a series of fNDs:pDNA ([Figure 8A](#f8-ijn-7-3851){ref-type="fig"}) and fNDs:siRNA ([Figure 8B](#f8-ijn-7-3851){ref-type="fig"}) weight ratios. The naked pDNA revealed two major bands ([Figure 8A](#f8-ijn-7-3851){ref-type="fig"}, lane 1), corresponding to the two different forms of pDNA: a highly mobile supercoiled form and a lesser mobile band representing the circular form. The complexes obtained by using equal weight ratios of fNDs and pDNA were not stable, as the migration of pDNA was not hindered ([Figure 8A](#f8-ijn-7-3851){ref-type="fig"}, lane 2). However, no pDNA bands were detected at fNDs:pDNA weight ratios of 5:1 and above (lanes 3--12), indicating that the formation of a complex between the pDNA and the fNDs hampered its migration towards the anode. For siRNA ([Figure 8B](#f8-ijn-7-3851){ref-type="fig"}), the trend of binding was found to be similar; however, complex formation was comparatively less efficient than that observed with pDNA, as siRNA was detected in its free form at weight ratios of 5:1 ([Figure 8B](#f8-ijn-7-3851){ref-type="fig"}, lane 3) and 10:1 (lane 4). The band intensity gradually decreased with an increase in the amount of fNDs, and only a negligible amount of siRNA was detected in its free form at weight ratios of 20:1 and higher (lanes 6--12).

As the size of a nanomaterial--nucleic acid complex can also have a pronounced impact on transfection efficacy, a delivery agent should condense genetic material to prevent its degradation by nucleases and promote cellular internalization. A size in the range of 100--300 nm is considered optimal for producing efficient transfection.[@b49-ijn-7-3851] In addition to appropriate size, the surface charge of transfection complexes also governs the intracellular delivery of transgenes, and an overall positive charge is desired in order to promote internalization across the negatively charged cell surface by means of favorable electrostatic interactions.[@b50-ijn-7-3851] In order to optimize these parameters, the size and zeta potential of particles formed at various weight ratios of fNDs:pDNA and fNDs:siRNA were measured. An increase in the weight proportion of fNDs to genetic material from 1:1 to 50:1 resulted in a shift in zeta potential from negative to positive, indicating that no free genetic material was available at higher weight ratios. The fND:pDNA particles exhibited considerable aggregation (precipitate) at a 6:1 weight ratio because of neutral zeta potential ([Figure 9A](#f9-ijn-7-3851){ref-type="fig"}), while this neutral zeta potential was reached at a much higher weight ratio (20:1) in the fND-siRNA system ([Figure 9B](#f9-ijn-7-3851){ref-type="fig"}). With an increase in ratio from 10:1 to 50:1, particle size was found to stabilize around 110 nm for fND-pDNA complexes ([Figure 9A](#f9-ijn-7-3851){ref-type="fig"}) and was less than 280 nm for the fND-siRNA complexes ([Figure 9B](#f9-ijn-7-3851){ref-type="fig"}). In the case of the fND-pDNA complexes, the zeta potential reached 40--50 mV at ratios of 30:1 and beyond, while a positive zeta potential of nearly 30 mV was attained at a ratio of 50:1 in fND-siRNA complexes. These results demonstrate the ability of fNDs to condense pDNA and form complexes with pDNA and siRNA within the size range suitable for producing efficient transfection. These size and zeta measurements correlate well with those from the gel electrophoresis assay, indicating that the retardation of nucleic acid material coincides with the electroneutrality of the "diamoplexes."

In this study, the ratio of lysine linker present per base pair of pDNA and siRNA was also calculated based on the surface loading of the fNDs and the number of base pairs of nucleic acids ([Table 3](#t3-ijn-7-3851){ref-type="table"}). The differences in the binding behavior of these two genetic materials to the fNDs can be attributed to structural differences of the circular pDNA having 5805 base pairs and linear siRNA having only 21 base pairs. The formation of complexes between nanoparticles and siRNA has also been observed to occur at a higher weight ratio than nanoparticles and pDNA in previous studies involving chitosan nanoparticles.[@b51-ijn-7-3851],[@b52-ijn-7-3851] A suggested model for the formation of complexes between fNDs and pDNA or siRNA, taking into account the binding behavior, size, and zeta potential measurements of the complexes, as well as the structural peculiarities of the genetic materials themselves, is shown in [Figure 10](#f10-ijn-7-3851){ref-type="fig"}. In this model, the pDNA is thought to form a spherical nanostructure with positively charged fNDs, while the structural configuration of linear siRNA with fNDs is rather complex, involving several linear siRNA sequences.

Conclusion
==========

In this study, the surfaces of NDs were covalently functionalized with lysine attached to a three-carbon-length linker. These modified NDs exhibited surface loading of 1.7 mmol g^−1^ and excellent dispersibility in water, as well as showing a considerable reduction in the aggregate size of the particles (21 nm), as measured by DLS. AFM images confirmed the disaggregation of the fNDs in comparison with the carboxylated NDs. The hydrophilicity exhibited by the functionalized NDs in this study also provides an advantage for their use in animal and human systems, as water can be used as a dispersion medium. Finally, the fNDs exhibited an ability to bind pDNA and siRNA by forming nanosized "diamoplexes." This property should be explored further to determine the applicability of fNDs as vectors for the delivery of genetic materials in gene therapy.
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Supplementary figures
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###### 

Proton nuclear magnetic resonance spectra of compound 1 \[N′-(N^α^,N^ε^-bis-Boc-lysyl),N″-(Fmoc)-diaminopropane\] at 500 MHz.

###### 

Mass spectrum of compound 1 \[N′-(N^α^,N^ε^-bis-Boc-lysyl),N″-(Fmoc)-diaminopropane\].

**Abbreviations:** max, maximum; m/z, mass-to-charge ratio.

![Preparation and functionalization of nanodiamonds (NDs) with lysine in the presence of a three-carbon-length linker: (**A**) synthesis of compound 1 \[N′-(N^α^,N^ε^-bis-Boc-lysyl),N″-(Fmoc)-diaminopropane\], reagents, and solvents -- Fmoc-NH(CH~2~)~3~NH~2~ · HCl, HATU \[N,N,N′,N′-tetramethyl-O-(7-azabenzotriazol-1-yl) uronium hexafluorophosphate\], diisopropylethylamine, and dimethylformamide (DMF); (**B**) Fmoc deprotection, reagents, and solvents -- 50% (v/v) piperidine-DMF; (**C**) reoxidation of pristine carboxylated NDs, reagents -- concentrated sulfuric acid and concentrated nitric acid, and preparation of acid chloride--functionalized NDs, reagents -- thionyl chloride; (**D**) synthesis of Boc-protected lysine-functionalized NDs, solvent -- DMF; (**E**) deprotection of Boc on lysine-functionalized NDs, reagents, and solvents -- hydrochloric acid and dichloromethane.](ijn-7-3851f1){#f1-ijn-7-3851}

![Baseline-corrected static scan Raman spectra of the pristine carboxylated nanodiamonds (pNDs), reoxidized nanodiamonds (rNDs), lysine-functionalized nanodiamonds (fNDs), and compound 1 \[N′-(N^α^,N^ε^-bis-Boc-lysyl),N″-(Fmoc)-diaminopropane\] using a 514.5 nm excitation source. A total of 128 accumulations were collected for pNDs and rNDs, while the spectrum of fNDs was obtained from a single acquisition.](ijn-7-3851f2){#f2-ijn-7-3851}

![Baseline-corrected absorbance and attenuated total reflectance: (**A**) infrared spectra of the pristine carboxylated nanodiamonds (pNDs), reoxidized nanodiamonds (rNDs), lysine-functionalized nanodiamonds (fNDs), and compound 1 \[N′-(N^α^,N^ε^-bis-Boc-lysyl),N″-(Fmoc)-diaminopropane\]; (**B**) second derivatives of all spectra.\
**Notes:** A total of 512 individual interferograms were collected and averaged for each sample. The featureless region between wave numbers of 2700 and 1900 cm^−1^ is not shown.](ijn-7-3851f3){#f3-ijn-7-3851}

![Thermograms of pristine carboxylated nanodiamonds (pNDs), reoxidized nanodiamonds (rNDs), and lysine-functionalized nanodiamonds (fNDs).](ijn-7-3851f4){#f4-ijn-7-3851}

![Dispersion of 2 mg/mL nanodiamonds (NDs) in water after 20 minutes of conventional bath sonication and 3-day incubation.\
**Abbreviations:** pNDs, pristine carboxylated nanodiamonds; rNDs, re-oxidized nanodiamonds; fNDs, lysine-functionalized nanodiamonds.](ijn-7-3851f5){#f5-ijn-7-3851}

![Size distributions of pristine carboxylated nanodiamonds (pNDs), reoxidized nanodiamonds (rNDs), and lysine-functionalized nanodiamonds (fNDs) in water, as measured by dynamic light scattering.\
**Note:** Each curve is derived from three measurements (n ≥ 10).](ijn-7-3851f6){#f6-ijn-7-3851}

![(**A**) Intermittent contact mode atomic force microscopy topographic images of nanodiamond samples and (**B**) line-scan profiles of the particles indicated in each image. From left to right: (**i**) pristine carboxylated, (**ii**) reoxidized, and (**iii**) lysine-functionalized nanodiamonds.\
**Note:** The bar (solid white line) represents 500 nm.](ijn-7-3851f7){#f7-ijn-7-3851}

![Results of agarose gel electrophoresis of (**A**) lysine-functionalized nanodiamond (fND)--plasmid DNA and (**B**) fND--small interfering RNA complexes ("diamoplexes") with increasing weight ratios of fNDs to nucleic acid: 1:1 (lane 2), 5:1 (lane 3), 10:1 (lane 4), 15:1 (lane 5), 20:1 (lane 6), 25:1 (lane 7), 30:1 (lane 8), 35:1 (lane 9), 40:1 (lane 10), 45:1 (lane 11), and 50:1 (lane 12). Lane 1 consists of standard nucleic acid only, and lane 13 is empty.](ijn-7-3851f8){#f8-ijn-7-3851}

![Size and zeta potential measurements using various weight ratios of (**A**) lysine-functionalized nanodiamonds and plasmid DNA (fNDs:pDNA) and (**B**) fNDs and small interfering RNA (fNDs:siRNA).\
**Notes:** Each value represents mean plus or minus standard deviation of four measurements (n ≥ 10).](ijn-7-3851f9){#f9-ijn-7-3851}

![Schematic representation of the different binding behavior of plasmid DNA (pDNA) and small interfering RNA (siRNA) to positively charged lysine-functionalized nanodiamonds (fNDs).](ijn-7-3851f10){#f10-ijn-7-3851}

###### 

Zeta potential measurements of nanodiamonds (NDs)

  **Sample**   **Zeta potential (mV) in reverse osmosis-purified water**
  ------------ -----------------------------------------------------------
  pNDs         −21.1 ± 0.2
  rNDs         −23.7 ± 0.5
  fNDs         48.9 ± 0.1

**Note:** Each value represents the mean plus or minus standard deviation of three measurements (n ≥ 10).

**Abbreviations:** pNDs, pristine carboxylated nanodiamonds; rNDs, reoxidized nanodiamonds; fNDs, lysine-functionalized nanodiamonds.

###### 

Surface loading of nanodiamonds (NDs), as calculated from their respective thermograms

  **Sample**   **Surface loading (mmol/g)**
  ------------ ------------------------------
  pNDs         0.35
  rNDs         1.00
  fNDs         1.70

**Note:** Weight loss below 115°C is excluded.

**Abbreviations:** pNDs, pristine carboxylated nanodiamonds; rNDs, reoxidized nanodiamonds; fNDs, lysine-functionalized nanodiamonds.

###### 

Ratios of lysine linker residues on the nanodiamonds (NDs) per base pair of genetic material, as calculated from surface loading measurements

  **Weight ratio of fNDs:genetic material**   **Calculated lysine linker per pDNA base pair ratio**   **Calculated lysine linker per siRNA base pair ratio**
  ------------------------------------------- ------------------------------------------------------- --------------------------------------------------------
  1:1                                         1.1                                                     1.1
  5:1                                         NR                                                      5.4
  6:1                                         6.6                                                     NR
  10:1                                        11                                                      11
  20:1                                        22                                                      22
  30:1                                        33                                                      32
  40:1                                        44                                                      43
  50:1                                        55                                                      54

**Abbreviations:** fNDs, lysine-functionalized nanodiamonds; pDNA, plasmid DNA; siRNA, small interfering RNA; NR, not reported.
